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Abstract

Atmospheric, or environmental, wind tunnels are ideal for basic research
and applied physical modeling and for supporting the numerical model
validation process. The U.S. Army Corps of Engineers, Engineer Research
and Development Center (ERDC), has had an active presence in the field
of research physical modeling. Between the ERDC Environmental Labora-
tory (EL), the Cold Regions Research and Engineering Laboratory
(CRREL), and the Geotechnical and Structures Laboratory (GSL), there is
one historical, three operational, and one future planned atmospheric
wind tunnel. Each facility was uniquely designed to study different areas of
atmospheric phenomena. This report reviews and highlights the character-
istics of each facility and their target research applications. In particular,
there is a desire to expand the scope of the CRREL Environmental Wind
Tunnel (EWT) physical modeling capability. Expanding that capability be-
yond snowdrift modeling opens the door to geometrically full-scale turbu-
lent-boundary-layer experiments on air-land and potentially air-water in-
terfaces. Sustaining and improving internal wind-tunnel facilities is vital
to the ERDC mission, promoting innovation and versatility in atmospheric
physical modeling.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Objective

The U.S. Army Corps of Engineers, Engineer Research and Development
Center (ERDC), has had an active presence in the field of research physical
modeling in atmospheric and environmental conditions. Our researchers
and customers have continued interest in modeling atmospheric phenom-
enon, including air emissions, aerosol dispersion, and snowdrift for-
mation. Since the late 1980s, the ERDC Environmental Laboratory (EL),
Geotechnical and Structures Laboratory (GSL), and Cold Regions Re-
search and Engineering Laboratory (CRREL) have made significant contri-
butions to various research areas by using their wind-tunnel facilities. Sus-
taining these in-house wind-tunnel facilities is vital to the ERDC mission.
In addition, maintaining and expanding each facility is ultimately more
cost-effective than contracting with other facilities and promotes more
versatility in the modeling approach.

CRREL researchers are interested in expanding the scope of the CRREL
Environmental Wind Tunnel (EWT) physical modeling capability. Histori-
cally, the EWT has been primarily used for modeling snowdrifts and sus-
pended snow around a structure. In these studies, a large particle bed is
placed upstream of the structure such that particles (usually micron-sized
glass beads) are carried through the turbulent flow towards a model struc-
ture. The focus is then to study the depth, location, and rate of accumula-
tion of the particles around a structure. Though understanding drift deposi-
tion around structures provides valuable practical application, we seek also
to study the particle bed itself, extending the particle bed the full length of
the tunnel. The capability to measure dust lofting and saltation for mineral-
dust particles is a key component of the Army Terrestrial-Environmental
Modeling and Intelligence System Science Technology Objective—Research
(ARTEMIS STO-R) program’s Dynamic Undisturbed Soils Testbed to Char-
acterize Local Origins and Uncertainties of Dust (DUST-CLOUD) initiative.
We require a versatile atmospheric wind tunnel capable of reproducing
phenomena observed in DUST-CLOUD field experiments to validate our
numerical models. This change in wind-tunnel modeling capability may
open the door to geometrically full-scale turbulent-boundary-layer experi-
ments on air-land and potentially air-water interfaces.
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1.2

The objective of this document is to present a summary of the current
ERDC wind-tunnel capabilities, with a particular focus on the EWT sta-
tioned at CRREL. While this report reviews and highlights the unique
characteristics of each facility and their target research applications, it
provides a more detailed description of the physical structure, available in-
strumentation, and example velocity profile over a sandy bed for the EWT.
Additionally, at the end of this report, we briefly propose and discuss ave-
nues in which to expand the scope of the EWT modeling capability, and we
highlight some research areas that could be investigated with an upgraded
capability.

Background

Since the first design and operation in Great Britain in 1871 (Baals and
Corliss 1981), wind tunnels have advanced our understanding of aerody-
namic and atmospheric airflow dynamics in academic, industrial, and gov-
ernment settings. Aerodynamic wind tunnels are primarily used in studies
relating to freestream air flow, typically for flow around aircraft at high
wind speeds (Mach number). A handful of these facilities have been de-
signed for cold-weather applications, such as investigating icing accumula-
tions on aircraft (e.g., NASA [National Aeronautics and Space Administra-
tion] Glenn Research Center, https://www.nasa.gov/centers/glenn/home/index.html). On
the other hand, the physical simulation of the atmospheric boundary layer
and studies relating to the layer’s interaction with the ground is best per-
formed in an atmospheric wind tunnel. Atmospheric, or environmental,
wind tunnels are ideal for basic and applied research physical modeling
and supporting the numerical model validation process. Table 1 provides a
brief summary of the flow-field and research-application differences be-
tween aerodynamic and atmospheric wind tunnels.

Table 1. Sample of typical flow-field capabilities and research applications achievable in
aerodynamic and atmospheric wind tunnels.

Wind tunnel Capabilities

Aerodynamic e Laminar, high speed flow
e Flow around objects (aircraft wing, cars, etc.)
e  Flow visualization (e.g., smoke)

Atmospheric e Turbulent flow to simulate environmental conditions
e Flow around objects (buildings, wind turbines, etc.)
e  Flow visualization (e.g., smoke)

e Dispersion (aerosols, pollutants, etc.)

e Wind resource assessment
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1.2.1 Modeling the atmospheric boundary layer

The aim of an atmospheric wind tunnel is to simulate an atmospheric
boundary layer (ABL), also known as the turbulent or planetary boundary
layer. To accurately perform experiments in the wind tunnel, researchers
must consider several components, including the geometric scaling; flow
characteristics, such as mean wind speed and turbulent structure; and for
sediment transport, properly scaling the governing forces that drive parti-
cle entrainment and suspension. These components are heavily dependent
on the problem of interest, thus it is vital to understand the appropriate
physics that can be represented in an atmospheric wind tunnel. In this sec-
tion, we will briefly discuss a few fundamentals.

The development of a properly scaled turbulent boundary layer is essential
for an atmospheric wind tunnel. Conceptually, a boundary layer is a layer
of fluid (e.g., water or air) moving in the immediate vicinity of a boundary
(e.g., a wall or airplane wing) where viscous effects, or skin friction, are
most significant. In our case, the ABL is the region where meteorological
variables such as wind velocity, temperature, and humidity are influenced
by the Earth’s surface and is the boundary condition for the free atmos-
phere (Nieuwstadt and Duynkerke 1996). The thickness of the ABL is
much greater than the thickness of the viscous boundary layer and is
driven by both viscous and form drag (size and shape of the roughness ele-
ments, such as buildings or vegetation) effects.

Turbulence is the unsteady, irregular movement of a fluid, where laminar
flow is steady and predictable flow. The turbulent structure of the flow is
governed by the fluid viscosity and velocity and by the roughness of the
surface over which the fluid is traveling. A common dimensionless param-
eter used to describe the transition from laminar to turbulent flow is the
Reynolds number, which is the ratio of inertial forces to viscous forces
(White 2015). The greater the velocity and rougher the surface (e.g.,
smooth wooden floor versus a sandy bed), the more chaotic the airflow will
become and the thicker the boundary layer will be. The velocity profile
should follow equation (1),

u, = — Iln—, (1)

K Zg
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where
u; = the velocity at height z;
x = von Karman’s constant (generally accepted as 0.4); and
Zo = the aerodynamic roughness height, which helps to account for

the form drag associated with the surface roughness.

Often there are two unknowns in equation (1), leaving the equation open.
Closure is usually obtained experimentally by measuring u: at several
heights to determine the unknown quantities, such as u. and zo, for a given
terrain. Here, u. is the friction velocity, which is equal to the square root of
the ratio of the surface shear stress rto fluid density p.

Meeting the conditions to successfully simulate a realistic wind field in the
tunnel requires application of dimensional analysis and satisfying geomet-
ric and dynamic similarity between model and prototype scales. Careful
consideration of each scaling parameter should precede every experi-
mental setup as it is usually very difficult to satisfy all similarity parame-
ters; scale modeling requires identification of the most relevant similarity
parameters and ensuring that those are preserved between model and pro-
totype scales (Lever and Haehnel 1995).

The concepts discussed provide a brief overview and do not reflect the de-
tailed complexity of atmospheric wind-tunnel formulations. We recom-
mend that the reader refer to materials cited in this document for more in-
formation (Kaimal and Finnigan 1994; Nieuwstadt and Duynkerke 1996;
Munson et al. 2006; White 2015; Schlichting and Gersten 2016) and ex-
amples in research (Blocken et al. 2007; Bocciolone et al. 2008; Brown
and Nickling 2008; Burri 2011; Chong et al. 2009; Clifton et al. 2006;
Kanda et al. 2006; and Porte-Agel et al. 2011).

In practice, quantifying the wind field and atmospheric structure (e.g.,
wind speed and shear stress) within a wind tunnel is most commonly com-
pleted using an anemometer (one-, two-, or three-dimensional) placed in-
line with the oncoming air flow or using flow imaging methods such as
particle image velocimetry (PIV). Several types of anemometers have been
developed over the years, but the most frequently used device in wind-tun-
nel application is the hot-wire anemometer. This device maintains a con-
stant temperature across a thin wire and measures the amount of current
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needed to maintain that temperature in the presence of air flow. Alter-
nately, Pitot tubes measure the pressure differential between dynamic and
static pressure within the tube by using a manometer and relate that dif-
ference to flow velocity. Both types of devices are ideal for small-scale
measurements; however, Pitot static measurements are more amenable
for providing mean wind speed as the volume of the fluid in a manometer
dampens the velocity fluctuations; and pressure transducers, if used, often
have low frequency response. High-frequency measurements are com-
monly obtained with hot-wire anemometry.

1.2.2 Wind-tunnel configurations

The configuration of a wind tunnel falls into one of two categories: open-
circuit or closed-circuit. Both configurations generally consist of a tube or
channel-like structure and use a fan to control airflow through a test area,
or test section. A wind tunnel that is open on either end and draws air
from the surrounding area is an open-circuit, or open-return, tunnel (Fig-
ure 1a). This design has a low capital investment and small spatial foot-
print. Wind can either be pulled through or blown down the test section of
the tunnel, typically referred to as a suction- or blower-type open-return
wind tunnel, respectively. The wind field is generally turbulent through the
tunnel; and combined with the open-air design, the open-return tunnel is
ideal for environmental modeling and smoke visualization applications.
Some of the drawbacks of this design are the noisy operation and high op-
erating costs of a larger fan needed to make up for the flow momentum
loss between the exit and intake.

On the other hand, a closed-circuit wind tunnel, also commonly referred to
as a recirculating wind tunnel, is one that retains a fixed mass of air that is
circulated in a loop through the tunnel components (Figure 1b). Recircu-
lating wind tunnels are typically configured to have a suction-type fan
pulling the air through the test section and around a series of turning
vanes. The flow field tends to be superior in the test section (i.e., less tur-
bulent, more relatively uniform flow) with the addition of turning vanes
and flow straighteners. Noise and operating costs are minimized by main-
taining a low net circuit pressure in the tunnel. This low pressure may
cause condensation in the test section, in which case the air may need to
be passed over a dryer bed prior to entering the tunnel circuit. Smoke or
particle cloud visualization is more difficult in a recirculating tunnel since
the materials will accumulate over time. Disadvantages of the closed-cir-
cuit design are a high capital investment, large spatial footprint, and active
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cooling techniques to reduce warm running conditions. Further infor-
mation about fundamental wind-tunnel design can be found in Cattafesta
et al. (2010).

Figure 1. Example diagrams of open- and closed-circuit wind-tunnel
configurations: (&) a suction-fan type open-return system (NASA 2015a)
and (b) a closed return system (NASA 2015b).
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The virtue of airflow contraction is establishing an adverse pressure gradi-
ent to suppress flow separation and to help smooth the flow going into the
test section. If uniform flow is desired (aerodynamic tunnel), a short con-
traction length is preferred to prevent a large boundary layer from form-
ing. In addition, a settling chamber containing a combination of fine-cell
honeycombs and wire gauze screens prior to contraction will help to re-
duce turbulence in the test section (Bradshaw and Pankhurst 1964). These
features are commonly required for blower-type and recirculating tunnels.
A settling chamber is less important for an open-return suction tunnel,
provided that flow is clean around the bell entrance (e.g., free of obstruc-
tions and equipment that can be a source of turbulence). Further, it is the
purpose of an atmospheric wind tunnel to intentionally grow a turbulent
boundary layer on the floor of the tunnel and to minimize turbulence
along the wall.

The choice between the two wind-tunnel configurations ultimately de-
pends on the type of flow field needed for the desired experiment and if
the proper similitude requirements can be fulfilled within the tunnel.
Modifications can be made to the flow field prior to reaching the test sec-
tion as needed. For example, the size of the turbulent boundary layer (i.e.,
thickness or turbulence intensity) can either be increased or reduced. In
practice, this technique is known as “tripping” or “smoothing” the turbu-
lent boundary layer. Tripping the boundary layer is a method to force the
wind field to become turbulent farther upstream in the tunnel. Smoothing
the wind field as it enters the tunnel is a technique to reduce the turbu-
lence intensity.

1.2.3 ERDC wind-tunnel facilities

Each wind tunnel within the ERDC is designed to study a specific type of
atmospheric condition. There are three operational tunnels within the
ERDC, two at CRREL and one at GSL. First constructed in the early 1990s,
a lysimeter wind tunnel was in operation at EL for about 20 years to study
air emissions from dredged material in the Indiana Harbor Channel
(Thibodeaux et al. 2008). The flow field was regulated to represent field-
like (turbulent) conditions over the soil-filled lysimeter test bed. Unfortu-
nately, it was decommissioned and dismantled approximately 5 years ago.
The lysimeter tunnel was ideal for volatilization studies, sediment trap-
ping, and controlling dust with biopolymers. Thibodeaux et al. (2008) pro-
vides details of its dimensions and characteristics.
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Currently, CRREL operates two wind tunnels, one recirculating tunnel orig-
inally acquired and remodeled in 1985 (Anno 1986) and one open-return
tunnel constructed in 1995 (Haehnel et al. 1997). Both wind tunnels were
designed for snowdrift physical modeling. The recirculating wind tunnel
was remodeled from an existing low-speed wind tunnel to the Snow Drift
Wind Tunnel (SDWT). It was designed to have a logarithmic wind velocity
profile, using a test bed of activated clay particles to represent snow parti-
cles. The activated clay turned out to be a visual obstacle and inhalation
hazard. The tunnel was later modified in 1992 to use a test bed of glass
beads (diameter on the order of microns), which required adjustment of the
incident velocity profile, resulting in a log-linear profile up to 10 cm from
the test bed (Haehnel et al. 1993). The perimeter of the test area is con-
structed from glass panels, allowing visualization of the experiment. The
tunnel is equipped with two particle entrapment methods downstream of
the test area: one for rolling and saltating particles and one for suspended
particles. These techniques are used to measure mass transport during the
course of the experiment. In recent history, the recirculating tunnel has
been used to study the effects of soil moisture on the threshold conditions
of entrained fine-grain sand and silt in the flow, as well as the near-bed
concentrations of airborne particles (Haehnel et al. 2014).

The open-circuit suction wind tunnel at CRREL, known as the Environ-
mental Wind Tunnel (EWT), was designed to have a fully developed turbu-
lent boundary layer before reaching the test section. An area for optional
flow straighteners was included to smooth the flow as needed. The tunnel
contains similar mass flux measurement techniques as the SDWT and a
working section enclosed by glass panels. In its history, the EWT has been
employed in snowdrift development on a fence (Haehnel et al. 1997) and
across missile hatches (Lever 2000), as well as snow drift accumulation
around an elevated building (Song and Haehnel 2012). The EWT test area
has also been used as an enclosed particle basin for crater evolution and
particle entrainment under an impinging jet positioned at the ceiling of
the test area (Haehnel 2008; Haehnel et al. 2006, 2008, 2010).

Since 2009, GSL has been operating an open-return, blower-type wind
tunnel with a circular cross section for aerosol testing and particulate dis-
persion efforts related to the Defense Threat Reduction Agency (DTRA)
mission (Graham et al. 2011, 2016). The flow field was designed to simu-
late atmospheric conditions, by using a turbulence grid constructed from
crossing iron segments to induce turbulent flow; however, we should note
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that this tunnel is not an ABL wind tunnel. Biological simulant is injected
into the free stream just downwind of the turbulence grid and sampled at
the outlet of the tunnel. Experimental results have calibrated and im-
proved aerosol sampling instrumentation and techniques.

The active wind tunnels within the ERDC have unique features that are
ideal for different areas of study. Table 2 reviews a few characteristics of
each facility. To summarize, each tunnel is capable of generating turbulent
flow conditions. The CRREL SDWT and EWT are able to explicitly recreate
a turbulent boundary layer that can be modified slightly to meet the simili-
tude requirements of individual experiments. The circular cross section of
the GSL tunnel prevents a distinguished boundary layer from forming on a
single plane. Each tunnel counterbalances the torsional rotation induced by
the fan. The rectangular cross sections of the SDWT and EWT can accom-
modate multiple sensors within the working section while minimizing the
effect of the instrumentation on the flow field. The GSL tunnel is primarily
limited to installing instrumentation at or near the tunnel exit. The EWT is
rather versatile in that the ceiling and floor panels can be removed or easily
modified to accommodate other areas of interest, similar to the impinging
jet studies. One can also remove the ceiling panels in the SDWT to accom-
modate modifications. Such features are not available in the GSL tunnel.

Table 2. Brief summary comparing the features and characteristics of ERDC’s active wind-
tunnel facilities.

Feature GSL CRREL EWT CRREL SDWT
Type Open circuit Open circuit Closed circuit
Fan configuration Blow down Suction Suction
Cross section of test Circular Rectangular Rectangular
area (181.6cmIDx40m [{24mx12mx9.7m|(b3cmx45cm x4 m

[71.5in. ID x 40 ft]) [Bft x 4ftx32ft]) [[21in.x 18 in. x 13 ft])

Flow Turbulent Turbulent Turbulent
Velocity range (m/s 0-8[0-18] 0-11[0-24] 0-20[0-45]
[mph])
Research application | Particulate dispersion | Snowdrift modeling Snowdrift modeling

Note: ID = Inner diameter

Discussed in this section are just a few high-level comparisons between the
operational wind tunnels within the ERDC. This report is not an exhaus-
tive survey of the full capability of each wind tunnel. We recommend that
the reader reaches out to the authors for the point of contact of each facil-
ity for more detailed and specific information.
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1.3

GSL recently acquired a recirculating wind tunnel from the Colorado
School of Mines and will begin installation and experimentation in the
coming months. Anticipated applications include physical modeling of
land-atmospheric interactions with respect to bare soil-water evaporation
to inform numerical models focused on free-fluid domains under varying
atmospheric conditions. The wind tunnel will be climate-controlled using
combined humidification/dehumidification and cooling/heating systems.
It is not intended for Artic purposes as the temperature ranges are ex-
pected to be between —4.4°C (24°F) and 35°C (95°F). For more infor-
mation, please reach out to the authors.

Approach

In the following sections, we describe each component of the physical
structure of the CRREL EWT in detail. We present both the experimental
velocity profile over a sandy bed and the instrumentation currently availa-
ble and commonly used in measuring wind velocity. Furthermore, we
highlight potential areas of expanded capability for the EWT.
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2.1

CRREL Environmental Wind Tunnel

The purpose of the CRREL EWT is to simulate the turbulent atmospheric
boundary conditions that are appropriate to conduct reduced-scale physi-
cal modeling of snowdrift. Historically, there have been discrepancies in
model snowdrift geometry and development rate when compared to field
data due to the limitations of practical physical modeling. These issues are
mentioned in Haehnel et al. (1997), and this section provides a high-level
overview of each primary component of the wind-tunnel structure. For
more detailed information about the materials and specifications of equip-
ment, please contact the authors.

Wind-tunnel structure

The EWT is an indoor, open-circuit, rectangular tunnel composed of a
contraction section, test section, suction fan, and particle traps and
measures 12.3 m (60 ft) in total length (Figure 2). Air is pulled from the
opening of the contraction section—located approximately 2.4 m (8 ft)
from an upstream wall—through the test section, fan, and trap compo-
nents and lastly expelled back into the large room. The room is located in
an isolated area of the building where noise is not an issue. Vibration ef-
fects between the fan and test section are reduced by a 5 cm (2 in.) wide
rubber isolator. The following sections detail each component of the wind
tunnel structure.

Figure 2. Diagram of the CRREL EWT (Haehnel et al. 1997).

Particle
//— filter Contraction

- 1 section T\

= )

| J‘L/_ Fan II—»—-— Test section —9.75 m (32 ft)

Particle catch —/
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2.1.1 Contraction

The purpose of the contraction is to accelerate and align the flow into the
test section (Cattafesta et al. 2010). The flow quality in the test section is
largely dependent on the size and shape of the contraction section, specifi-
cally the ratio of entrance-to-exit cross-sectional area, which ultimately



ERDC/CRREL SR-19-1 12

dictates the level of turbulent flow. The contraction should be small
enough in length that boundary-layer growth is minimized while also be-
ing long enough to avoid large pressure gradients or separation along the
wall (Cattafesta et al. 2010). Ideally, the contraction ratio should be be-
tween 6 and 12 to achieve the aforementioned conditions (Bradshaw and
Pankhurst 1964).

The contraction section is constructed from two rectangular wooden
frames, representing the entrance and exit sections, connected by sheets of
plywood to form a curve (Figures 3 and 4). The contraction has an inflec-
tion section at the opening to accommodate flow straightening and condi-
tioning elements as needed. A normal contraction would not have this but
be a smoothly varying constriction in the downwind direction. This feature
has not been used much to date but may be desirable for certain tests;
Scheiman (1981) provides more information on flow straightening tech-
niques. The total length is 3.81 m (12.5 ft). The entrance frame has a width
of 3.59 m (11.81 ft) and a height of 1.98 m (6.5 ft), and the exit frame has a
width of 2.4 m (7.81 ft) and a height of 1.2 m (4 ft). With an entrance
cross-sectional area of 7.13 m2 (76.78 ft2) and an exit cross-sectional area
of 2.9 m2 (31.25 ft2), the contraction ratio is approximately 2.45.

Figure 3. Outer dimensions of the contraction cone of the CRREL EWT.
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Figure 4. Inner dimensions of the contraction cone of the CRREL EWT.

2.1.2 Test section

The size of the test section, or working section, of a wind tunnel depends
on the quality of flow needed to perform experiments and to examine
models of interest. Ultimately, there should be enough height and width
within the section to keep wall effects from interfering with the flow
around the test object (Bradshaw and Pankhurst 1964). The length of the
working section in an atmospheric wind tunnel should be sufficiently long
enough to grow a boundary layer along the floor and to provide a properly
scaled simulated ABL prior to reaching the experimental setup in the test
section. Unlike an aerodynamic wind tunnel, turbulence is expected in the
test section.

The EWT is designed such that the testing section is located far down-
stream of the contraction inlet to allow the simulated ABL to develop over
the simulated snow medium upstream of the test section. In the upstream
development section, a particle reservoir is placed for particles to be en-
trained by the flow to simulate a blowing snow condition. The develop-
ment section is attached directly to the contraction section (Figure 5) with
the same rectangular cross section of the exit frame (i.e., 2.4 m [7.81 ft] by
1.2 m [4 ft] in width and height, respectively) and measures 9.75 m (32 ft)
in length. It is constructed from steel and aluminum framing, with tongue-
and-groove plywood panels for flooring. Each panel has dimensions 1.2 m
by 2.4 m by 2 cm (4 ft by 8 ft by 0.75 in.) and is secured to the frame with
screws. The ceiling is constructed from the same size plywood panels as
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the floor and rests on the aluminum frame of the test section. The ceiling
panels are removable to provide access for experimental setup and instru-
mentation installment and may be exchanged for plexiglass panels for a
top down view of the test section.

Figure 5. Working section of the CRREL wind tunnel, measuring 9.75 m (32 ft) in length,
2.4 m (8 ft) wide, and 1.2 m (4 ft) tall; tempered glass siding provides an unobstructed view
of the experimental setup.

The walls are constructed from several 2.4 m (8 ft) wide tempered glass
panels 6.35 mm (0.25 in.) thick, which are attached with a silicone sealant.
The panels provide observation of the entire length of the test section. Be-
fore reaching the fan section, a particle trap 0.3 m (1 ft) wide and 0.6 m

(2 ft) deep catches particles rolling along the tunnel floor.

2.1.2.1 Carriage system

The working section includes traversing gear with the intent to provide
versatility in taking measurements within the tunnel while minimizing the
flow disturbance in the tunnel. The possible uses of the carriage include
measuring velocity profiles (vertical and horizontal), simulated drift to-
pography, surface roughness, boundary-layer thickness along the floor and
wall, and the free-stream velocity.

The carriage frame was designed to be tucked up close to the ceiling to
minimize impact on the bottom surface boundary layer where snow drift-
ing is of interest. The carriage consists of square rails down the length (z-
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direction) and across the span (x-direction) of the tunnel and is outfitted
with high-precision linear positioners manufactured by Parker Hannifan
(Figure 6). The vertical rail (y-direction) is a slender, UniSlide, screw-actu-
ated rail manufactured by Velmex.

Figure 6. The carriage system within the test section of the CRREL EWT.

The carriage controller system is constructed of several stepper motors
and is controlled via LABVIEW virtual instrument (VI) software equipped
with the motion toolbox. The VI can also support data acquisition for com-
patible instrumentation. Table 3 lists the range of motion characteristics
from the right to left wall (+X), top to bottom (+Y), and contraction cone
to fan (+Z). Instrumentation can either be mounted on the vertical rail or
mounted directly to the steel frame of the carriage.

Table 3. The range of motion of the carriage system within the test section; X is measured
from the right tunnel wall (looking down the tunnel from contraction) towards the left, Y is
measured from the topmost of the vertical rail towards the floor, and Z is measured from the
end of the contraction cone towards the fan.

Range X Y Z
Maximum distance 193 ¢cm (76.25in.) [118.1cm (46.5in.) |914.4 cm (360 in.)
Minimum distance 25.4 cm (10 in.) 53.3cm (21 in.) 121.9 cm (48 in.)
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2.1.3 Fan

Airflow is generated via suction in the EWT. The fan is a six-blade, shaft-
driven system manufactured by Joy Technologies, Inc. (Figure 7a), and
has a diameter of 1.14 m (45 in.). The system is a fixed-speed (1780 rpm)
variable-pitch system powered by 460 V, and has a maximum volume flow
of 29.7 m3/s (63,000 cfm). Flow is controlled by varying the blade pitch
using a Simpson Hawk II digital panel meter. Rotational velocity in the
airflow is reduced by the cross piece located within the contraction transi-
tion section (Figure 7b).

A short contracting passage connects the test section to the fan (Figure 7c).

The 2.9 m2 (31.25 ft2) rectangular cross-sectional area of the working sec-
tion transitions to a 3.14 m2 (11.04 ft2) circular cross section over a length
of 2.7 m (8.9 ft). After the fan, the tunnel expands slightly to release air-
flow into the particle filter.

The acceleration of airflow through the contraction transition section
should not have an impact on the airflow through the test section. Ear pro-
tection is recommended during use, especially when operating at maxi-
mum capacity (i.e., high blade pitch angle for maximum airflow).

2.1.4 Downstream trap

The physical modeling of snowdrifts requires the use of very fine particles
to simulate snow. The tunnel was designed to collect these particles travel-
ing both near the floor and through the air. The particle catch at the end of
the test section is designed to capture material transported near the floor
of the tunnel (Figure 8). The downstream trap, or particle filter, is de-
signed to catch particles that were lifted into the flow high enough to be
carried beyond the upwind floor trap.
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Figure 7. (&) Front view of the fan (from the test section) with (6) a cross piece to
reduce rotational velocity of airflow; (¢) transition area between the test section
and hopper, including particle trap, contraction transition, fan, and hopper.
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2.2

Figure 8. The downwind particle trap system located immediately after the fan of the
CRREL EWT: (&) side view and (b) back view with lower back panel removed for access.

(b)

Instrumentation

The EWT is capable of supporting multiple sensors and instrumentation
for a variety of experiments. The test section is currently equipped with a
range-finding sensor, hot-wire anemometers, and Pitot tubes.

2.2.1 Range-finding sensor

The purpose of a laser range-finding sensor is to measure the simulated
snow drift patterns made by a collection of fine particles around an experi-
mental model. These sensors work by emitting a laser light source towards
an object and detecting the return of the light reflected from the object’s
surface, thereby measuring the distance between the source and the re-
flecting surface.

Presently, an OMRON ZS-LD350S optical displacement sensor is installed
on the vertical beam of the carriage system (Figure 9). The sensor uses a
diffuse reflection optical system with a spot beam shape. In other words,
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light is reflected in many directions from an object’s surface (i.e., diffuse
reflection), rather than in only a single direction (i.e., regular reflection),
such that the sensor can detect a wider area of measurement. The spot
beam shape allows for the accurate measurement of bumps or ripples in
the object surface, rather than averaging the surface roughness (e.g., line
beam). The sensor has a maximum measurement distance of 350 mm
(13.71in.) + 135 mm (5.3 in.), using a semiconductor laser with wavelength
650 nm and a spatial resolution of 20 pm.

Figure 9. OMRON ZS-LD350S displacement sensor
located on the backside of the vertical beam of the
carriage system in the test section of the EWT.

Recent efforts have looked at upgrading the displacement sensor from a
spot beam profiler to a two-dimensional (2-D) laser profiler. A 2-D profiler
would allow faster acquisition of the drift geometry as 2-D scans can be
captured more quickly than taking point measurements of the same profile.
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2.2.2 Hot-wire anemometer

As mentioned previously, a hot-wire anemometer is a type of thermal ane-
mometer that maintains constant temperature across a very fine wire and
measures the current required to maintain that temperature of the wire as
cool air flows across it. That change in current is then related to the flow
velocity. Hot-wire anemometers are ideal for turbulent flow applications
as they have a high-frequency response to measure fluctuations in the flow
(TSI Incorporated 2013).

The thermal anemometry system is operated by an IFA-300 Constant Tem-
perature Anemometer (CTA) system with supporting computer software for
control, data acquisition, and data analysis. The CTA is manufactured with
eight channels, each capable of supporting measurements in one dimension
(e.g., one channel is needed for X, one for Y, and one for Z). In other words,
at least three channels are required when using a three-dimensional (3-D)
probe. The CTA at CRREL has three channels installed currently; therefore,
three one-dimensional (1-D) sensors can be read simultaneously (installed
at different locations in the wind tunnel), or a single 3-D sensor can be in-
stalled to model the 3-D flow structure at a point in the wind tunnel.

Several models of TSI brand 1-D and 3-D hot-wire and hot-film anemome-
ters are available for use in the EWT, allowing a wide range in frequency
response and durability. The hot-film probes function the same as the hot-
wire but are more durable in particulate flows, though their frequency re-
sponse is poorer. Figure 10 shows an example of a 1-D general purpose de-
vice. Each device has a slightly different internal resistance, typically
around 0.2 ohms. A number of extension rods and angle connectors are
available to position the anemometer in-line with the air flow in different
locations within the tunnel as needed. Each device is extremely delicate
and should remain packed away when not in use.

Figure 10. Example of the TSI 1210 model general purpose 1-D hot-wire
anemometer with dimensions shown in millimeters and inches (in
parentheses); other model types can be found in TSI Incorporated (2013).

12.7 mm (.50) Hot Film
9.5 mm (.38) Hot Wire

e 38 mm (1.50)

== ﬁi: 0

L 3.2 mm (125) Dia. 4 6 mm (18) Dia.
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2.2.3 Pitot tube

Pitot tubes are typically used to measure air speed (e.g., of an aircraft).
These devices measure the difference between static and dynamic pressure
of airflow and relate it to flow velocity via Bernoulli’s equation (Munson et
al. 2006). The lower limit in velocity depends on the sensitivity of the pres-
sure-sensing device. It can routinely measure velocities down to 0.25 m/s
with a micromanometer or sensitive pressure sensor.

To reliably measure low differential pressures, a MKS Type 229 general
purpose differential transmitter is connected to the Pitot tubes in the wind
tunnel. Each tube is composed of a small cylinder with a hole down the
axis of the tube connected to one side of the pressure transducer and sev-
eral smaller holes around the circumference connected to the other side
(Figure 11). The tube must be directed in-line with the airflow.

Figure 11. Example Pitot tube secured to the
vertical rail of the carriage positioned in-line with
the oncoming airflow.
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2.3

Velocity profile

The turbulence in the tunnel changes depending on what is on the floor of
the tunnel. The flow field will behave differently over a smooth surface ver-
sus a dust- or particulate-covered surface or one with water or oil. The tur-
bulent boundary layer may either need to be tripped to induce more turbu-
lence early in the working section or smoothed to reduce the turbulence.
These techniques depend on the physics and scaling of the desired
model/experiment. It is recommended to perform a detailed flow-field
analysis prior to experimentation to ensure that the physical modeling re-
quirements are satisfied.

Haehnel et al. (1997) measured the velocity profile in the EWT (Figure 12)
using a Pitot tube manometer over a sandy bed (i.e., glass beads). This
profile was measured in the center of the test area of the working section
near the fan, 6 m from the inlet of the working section. The flow field is
characterized as a fully developed, neutrally stable turbulent boundary
layer following equation (1).

Figure 12. Vertical velocity profile in the CRREL EWT
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3.1

3.2

Recommendations for Expanded
Capability

Modular test section

The exchangeable test sections of the large European and German-Dutch
wind-tunnel facilities (Boyet 2018) are aimed at expanding the capability
to simulate different environments for various small- or full-scale models.
For a smaller facility, such as at CRREL, an entirely replaceable test sec-
tion is not feasible. Instead, the individual panels of the test section may
be adapted to incorporate a variety of materials and structures in a modu-
lar manner at a relatively low cost. The objective of modularity in the wind
tunnel is to harness the unique long, stable fetch characteristics to create a
realistic simulation of turbulent conditions along a wide range of air-water
and air-land surface interactions.

Currently, the tunnel is structurally built as a simple ladder frame in which
a series of cross braces divide the bottom of the tunnel into “bays” between
girders. The proposal is to build a truss frame below the test section to
serve as the attachment point for an exchangeable test bed while also main-
taining the rigidity of the structure. These test beds would be inserted from
the side of the test section and positioned with levelling jacks to achieve the
desired amount of exposure to wind, effectively replacing a section of ply-
wood flooring with a different material or variable-height model.

The modular test section could entertain a variety of applications. A test
bed of varying depth could contain materials ranging from vegetation to
solid structures that could be progressively raised into the airflow. Tubs of
water may be inserted to study air-water surface interactions with chemi-
cal slicks, such as oil dispersants and herders. The realism of dust patterns
could be enhanced by controlling the entry layer (i.e., the height of the
model surface tub) between continuous wind and the surface from which
dust is generated.

Exhaust control for hazardous materials

The loss of the lysimeter wind tunnel from EL leaves a gap in the future
study of air emissions from a bed of contaminated or hazardous organic
materials. Presently, the use of some limited hazardous materials (e.g., oil)
is possible in the EWT test section. In the case of other contaminants, such
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as the dispersion of pollutants or chemicals from soil samples, the tunnel
could be adapted to ventilate these air contaminants. A containment struc-
ture would be built in between the fan and hopper sections to collect con-
taminants within acceptable standards.

The exhaust would be regulated by repurposing the disused intake and ex-
haust fans from the ammonia refrigeration plant at CRREL and incorpo-
rating lever-controlled bypasses to supply makeup air and engage in high-
rate exhaust from the containment structure. A filter assembly would be
included to avoid exhaust entering the atmosphere. In combination with
enhanced ventilation of the Ice Engineering Facility itself, the indoor space
could be sufficiently ventilated and filtered by using readily available
equipment at a relatively low cost for use with air contaminants.

Particle image velocimetry

Particle image velocimetry (PIV) is a nonintrusive optical method to cap-
ture the instantaneous 2- and 3-D velocity field in airflow. In principle,
particle-seeded flow (on the order of microns) is illuminated in a target
area with a light sheet—typically from above. Two light pulses focused on
the target area are recorded by a charged coupled device (CCD) camera
where computer software then processes the movement of particles be-
tween the two frames into a representative velocity vector of the target
area (Stanislas et al. 2000).

The ability to capture real-time velocity maps around models in the test
section is invaluable in understanding the fluid dynamics of the experi-
ment. With the addition of PIV to the wind tunnel, studies such as wind-
driven airflow through a building (Lo 2014) would be possible at CRREL
and could be adapted for cold regions research topics.

The necessary equipment and components (e.g., CCD cameras, lasers, light
sheet optics, digital imaging software, and compatible computer) would be
fairly expensive. However, the structure itself is primed to accept these
components. The traversing system within the test section would be capa-
ble of supporting the light-sheet equipment with relatively low impact to
the airflow. An external traversing system would be needed to support the
CCD camera outside of the test section.
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3.4

Cold capabilities

Refrigerated wind tunnels are common for aerodynamics purposes to
study aircraft icing (e.g., NASA Glenn Research Center) (Addy and Chung
2000; Fortin and Perron 2009); however, they are rarely applied to study
cold region dynamics. CRREL has a long history of successfully improvis-
ing equipment to function in a cold environment. In the case of the EWT, a
new refrigeration system in the Ice Engineering Facility would allow con-
struction of a room around the tunnel. This room would be large enough
to have a “snow generation fetch” for snow guns to make real snow at the
entrance of the wind tunnel. It would be powered by air-handler units
from the central refrigeration system, and an agitator would present snow
to the intake of the wind tunnel.

Rotating machinery and cold-temperature-vulnerable components would
be replaced and hardened against wet operation. The filter would be modi-
fied to melt snow and recycle the water back to the snow-generation equip-
ment (i.e., snow guns). It would be expected that the room could reach tem-
peratures as low as —8.7°C (-35°F). This modification would be the most
expensive of the possible upgrades, costing up to $1M or more but would
also allow large-scale studies of organic icing and snow around structures.
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4 Summary

ERDC has had an active presence in the field of research physical model-
ing with one historical, three operational, and one future atmospheric
wind tunnel at EL, CRREL, and GSL. This report presented a high-level
survey of the unique characteristics of the current ERDC wind-tunnel fa-
cilities. Though each tunnel is capable of generating turbulent flow condi-
tions, they are each best suited for different applications. A recently de-
commissioned lysimeter wind tunnel at EL was in operation for 20 years
to study the effect of air emissions from dredged material. At CRREL, the
recirculating SDWT is ideal for small-scale snowdrift physical modeling
while the EWT has historically been used for medium to large-scale snow-
drift and particle entrainment modeling. The circular, open-return wind
tunnel at GSL was designed for aerosol testing/sampling and particulate
dispersion studies for DTRA. Table 4 summarizes the current and poten-
tial wind tunnel research applications available within ERDC.

These unique features mean that the operational wind tunnels within
ERDC are ideal for recreating different atmospheric conditions. Of the
three tunnels, the CRREL SDWT and EWT are able to explicitly recreate a
turbulent boundary layer that can be modified slightly to meet the simili-
tude requirements of individual experiments. The rectangular cross sec-
tions of the SDWT and EWT can accommodate multiple sensors within the
working section while minimizing the effect of the instrumentation on the
flow field. The GSL tunnel is primarily limited to installing instrumenta-
tion at or near the tunnel exit. The EWT is rather versatile in that the ceil-
ing and floor panel can be removed or easily modified to accommodate
other areas of interests, similar to the impinging jet studies (Haehnel et al.
2006, 2008; Haehnel 2008).

We provided a more detailed description of the physical structure, availa-
ble instrumentation, and example velocity profile over a sandy bed for the
CRREL EWT to document the present capability and identify potential ar-
eas of expanded capability. The tunnel measures a total of 12.3 m (60 ft) in
length, consisting of a contraction section, transparent rectangular test
section with a cross-sectional area of 2.9 m2 (31.25 ft2), a particle trap, a
suction fan, and particle filter components. It can support various instru-
mentation within the test section, including a displacement sensor, hot-
wire anemometers, Pitot tubes, and more. The inner traversing gear pro-
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vides versatility in measurement location. The tunnel is capable of achiev-
ing a turbulent flow velocity up to 11 m/s (36 ft/s) with a vertical velocity
profile representative of a fully developed turbulent boundary layer.

There are several options for expanding the scope of the EWT modeling
capability (Table 4). Few modifications are needed to exchange a portion
of the uniform wooden floor with a modular test bed in the working sec-
tion. Different materials (i.e., water, oil, or sand with or without vegeta-
tion) and model structures (e.g., solid wind-break model) could be in-
serted into the free stream with variable height, contributing to air-land
and air-water interface research topics. Moderate adjustments to the ex-
haust and ventilation of the tunnel outflow would support the use of con-
taminated soils, such as dredge material, for pollutant dispersion studies.
The addition of a PIV system to the tunnel would significantly enhance the
ability to study complex fluid dynamics over and around a target area,
largely contributing to the understanding of fluid flow processes in U.S.
Army research areas. Lastly, the opportunity to modify the wind-tunnel
components to withstand cold temperatures and establish a cold room
around the tunnel is ideal to perform cold regions experiments (e.g. white-
out snow conditions).

Table 4. Current and potential research applications achievable by ERDC
wind tunnel facilities.

Research application GSL CRREL EWT CRREL SDWT
Dispersion (aerosol / particulate) v v
Dispersion (chemicals / pollutants) <&
Dust patter / lofting behavior <&
Flow visualization (e.g., smoke) v
Meteorological sensor testing v v
Oil herding <&
Snow drift modeling (lofting, entrainment, v v
development around structures, etc.)
Wind resource assessment (terrain, <&
vegetation, etc.)
Whiteout conditions (real snow) <&

designates capabilities achieved with facility upgrade

ERDC has a suite of atmospheric physical modeling capabilities that offers
a unique resource in support of the ERDC mission. Maintaining these ca-
pabilities, such that they continue to inform development of solutions to
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present atmospheric challenges, and enhancing them in anticipation of fu-
ture challenges promotes creative solutions. Further, this benefits our na-
tion by providing a cost-effective resource that inspires development of
novel methodologies to tackle tough problems.
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Appendix A: Supplemental Information

Al

This appendix provides supplemental schematics and velocity profile in-
formation for the CRREL recirculating wind tunnel and the GSL circular
wind tunnel. While this is not comprehensive, it serves as a visual and
complimentary aid to the material discussed in this report.

CRREL SDWT

Remodeled from a low-speed wind tunnel, the Snow Drifting Wind Tunnel
(SDWT) (Figure A-1) is a closed-return, recirculating tunnel that was later
modified for improved snowdrift modeling capability.

Figure A-1. Diagram of the CRREL Snow Drifting Wind Tunnel.
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The SDWT has a rectangular cross section of 0.46 m x 0.53 m (1.5 ft x 1.7 ft)
with a 4.57 m (15 ft) long test section. The test section was modified from its
original design to be longer and was outfitted with glass panels for visibility.
Wind speed can reach up to 20 m/s (45 mph) through the test section.

The vertical velocity profile in the SDWT is consistent with equation (1)
and was shown to develop naturally over the simulated snow particles 3 m
(9.8 ft) into the test section. The velocity follows a log-linear profile up to
10 c¢m (3.9 in.) from the tunnel floor (Figure A-2), which is adequate for
the size of the tunnel.
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A.2

Figure A-2. Experimental vertical velocity profile in the SDWT
in the presence of drifting snow particles (e.g., glass beads).
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The GSL tunnel is a large, cylindrical tube 12.2 m (40 ft) in length with an
inner diameter of 1.8 m (771.5 in.) and rests approximately 0.6 m (2 ft)
above the ground on two cradle support structures (Figures A-3, A-4, A-5).
Air flow is generated by a six-blade, high-volume, variable-speed indus-
trial fan at the far end. An AC (alternating current) adjustable frequency
drive is used to control the fan speed and can be set from 0 to 60 Hz at in-
crements of 0.01 Hz (Graham et al. 2011).

Just downwind of the fan is a collection of PVC pipes (to correct fan-in-
duced torque rotation) and a turbulence generation grid constructed of an-
gle iron segments. The maximum exit flow velocity is 8.2 m/s (27 ft/s),
with the inclusion of the PVC “baffle” (Graham et al. 2011). Installation of
instrumentation is limited primarily to the mouth of the tunnel.

The tunnel velocity exit profile was measured to document the air flow
characteristics. The nominal tunnel velocity was 4.5 m/s (10 mph) and was
measured using an anemometer placed at four different radii along every
45° azimuth at the tunnel’s exit. Table A-1 shows the results.
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Figure A-3. Cylindrical, open-return, push-down wind tunnel located at GSL in
Vicksburg, MS.
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Figure A-5. Front view diagram of the GSL wind tunnel (Graham et al. 2011).
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Table A-1. Measured tunnel exit velocity profile at a fan control of 32 Hz.

Measurement Velocity in m/s (mph) at Location in Degrees
Along Radius
(cm [ft]) 0 45 90 135 180 225 270 315

R=0 4(9) 4.2(9.4) (4.3(9.6) |4.3(9.5) |4(9) 4.2 (9.4) |4.2(9.4) |4.3(9.6)
(Center)
R =30(1.0) 4.1(9.2)(4.3(9.6) |4.4(10) |4.6(10.3) |4.4(9.8) |4.3(9.6) |4.3(9.6) |4.3(9.6)
R =61 (2.0) 4.1 (9) |4.6(10.2) |4.6(10.2) |4.8(10.7) |4.6 (10.2) |4.4 (10) |4.6(10.2) |4.4 (9.8)
R =84 (2.75) 3.7(8.3)[4.4(9.9) |4.6(10.3) |4.4(9.9) |4.2(9.4) |4.3(9.5) |4.6(10.2) |4.3(9.4)
(7 cm [3in] from
wall)

*Nearest the sampler inlets at 67 cm (2.20 ft) radius.
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